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NanochannelsAbstract Brij type surfactants (CnEOx) that have different chemical structures were used to fabri-
cate 3D Mesoporous Silica Nanochannels (MSN) inside the channels of Anodic Alumina
Membrane (AAM) under acidic conditions. The fabricated 3D MSN were characterized using
TEM-ED, SEM, Small angle XRD, and N2 isotherm. Results revealed that the synthesis of ordered
3D cubic Im3m mesostructures can be formed with tunable pore diameters varied from 4.0 to
4.9 nm that are partially affected with the length of ethylene oxide (EO) group in the template sur-
factant.
ª 2015 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Mesoporous silica materials including powders, monoliths,
and ﬁlms have received remarkable attention in the past two
decades (Kresge et al., 1992; Lu et al., 2000; Zhao et al.,
1998; El-Safty et al., 2005; Balaji et al., 2006). Their unique
uniform pores ranging from a few to tens nm in diameter
and stability in organic and inorganic solution phases could
shed light on a plethora of different promising applications
such as size-exclusive separation (Yamaguchi et al., 2004;
El-Safty et al., 2010; Mekawy, 2011), enzymatic nanoreactors
(Fu et al., 2008 Mekawy et al., 2011), sensors (El-Saftyet al., 2008a,b) and nanoﬂuidic devices (Yamashita et al.,
2007).
Recently, synthesis of mesoporous silica inside the colum-
nar channels of an anodic alumina membrane (AAM) has been
extensively studied, and 1D or 2D hexagonally ordered or
stacked (circular) mesostructure has been fabricated inside
the columnar AAM channels by using cationic, nonionic and
block copolymer surfactants as template and structural-
guided synthesis (Martin, 1994; Yamaguchi et al., 2008;
Nishizawa et al., 1995; Wu et al., 2004a,b; Platschek et al.,
2006; Hu et al., 2014). However, the extensive synthesis condi-
tions might lead to very difﬁcult control over the 3D channel
geometry in the ﬁnal replica along the entire AAM channels.
The key factor behind the control synthesis of 3D mesoporous
channel geometry inside the AAM channels is to enhance the
functionality of the membrane for future applications.
Syntheses of mesoporous silica materials with controlled
morphology and tunable pore diameters have been previously
reported using two different aspects: the direct mesoscopic
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(Huo et al., 1997; Che et al., 2004; Wang et al., 2003 and
Wang et al., 2004; Marlow et al., 2000; Kleitz et al., 2001)
and, the conﬁnement evaporation-induced mesoscopic self
assembly of surfactant and silica precursors within a porous
nanochannel substrate (Lu et al., 2004; Yang et al., 2003;
Yao et al., 2004; Wang et al., 2005; Chae et al., 2004; Wu
et al., 2004a,b). In both schemes, by controlling the starting
composition between the silica source and template surfactant,
acidity, aging time and temperature, the morphology and the
fabricated mesostructures could be controlled with nanochan-
nels that have parallel or circular alignment to the porous sub-
strate. The structural properties of parallel nanochannels
which are responsible for the diffusion and mass transport
mechanism could be used for numerous applications either
as-made or grafted by cationic, anionic, hydrophilic or
hydrophobic functional groups. Hence, the localized internal
atmosphere inside the nanochannels could control the diffu-
sion and mass transport mechanisms and thus, can be used
for selective separation sciences, sensing and catalysis.
Moreover, understanding and prediction of the mechanism
of interaction which is responsible for the diffusion, extraction
and mass transport within the nanochannels (Yamaguchi
et al., 2006 and Yamaguchi and Teramae, 2008) could help
achieving many successful applications of conﬁned meso-
porous silica membranes such as; diffusion of biomolecules
(Gargiulo et al., 2013), adsorption of organic pollutants
(El-Safty et al., 2012), biosensors (Itoh et al., 2014; Hotta
et al., 2012; Fan et al., 2014), gas sorption (Chalal et al., 2015)
and anion detection at the liquid/liquid interface (Gao et al., 2015).
Fabrication of hybrid mesoporous membranes, with pore
diameters ranging from a few nm to tens of nm with different
geometrical structures remains a challenge and very important
research topic because they are considered as essential criteria
for possible applications such as size and charge exclusive
separation. In the past, various supporting membranes have
been used as supports to regulate the synthesis of well ordered
mesoporous silica materials within their ordered and uniform
channels such as Polyurethane (Lin et al., 2008), Naﬁon
(A´lvarez and Fuertes, 2007) and Anodic Alumina
Membranes (Martin, 1996, 1997). AAM showed superiority
in being used on a large scale due to its availability, low cost,
and low permeation resistance. Previous studies provided
strong support for pursuing organized and uniform meso-
porous silica membranes (Xomertakis et al., 2007 and Tian
et al., 2003; Meoto and Coppens, 2014). Yet, recent progresses
could be utilized to modify the synthesis protocols for more
morphological control and better future applicability. Thus;
fabrication of intrawire nanoporous structure with its lamellar
disks perpendicular to the mesoporous silica wire axis
(Hu et al., 2014), synthesis of silica nanotubes with orientation
controlled mesopores (Zhang et al., 2012) and synthesis of
polymers, metal oxides, and alloys magnetic nanoparticles
coordinated with mesoporous silica membranes (Cauda
et al., 2012 and Alamri et al., 2014) could be achieved.
The surfactant templated method has been extensively stud-
ied to fabricate different types of mesostructures. In this study,
we report a synthesis pathway of 3D cubic Im3mMSN that are
formed inside AAM pocket-like channels by using four differ-
ent Brij type template surfactants which are alkyl-poly ethylene
oxide surfactants (CnEOx) where n is the number of carbonatoms in the Lipophilic alkyl chain and x is the number of
the hydrophilic ethylene oxide (EO) group.
2. Experimental procedure
2.1. Materials
Tetraethylorthosilicate (TEOS), was used as the silica source,
ethanol and 0.1 M HCl were obtained from Wako Pure
Chemical Industries, Ltd., Japan. The n-alkyl-oligo(ethylene
oxide) surfactants, polyoxyethylene(10)cetyl ether (Brij 56,
C16H33(OCH2CH2)10OH, polyoxyethylene(20)cetyl ether
(Brij 58, C16H33(OCH2CH2)20OH, and polyoxyethylene(10)-
stearyl ether (Brij 76, C18H37(OCH2CH2)10OH, poly-
oxyethylene(20)stearyl ether and (Brij 78,
C18H37(OCH2CH2)20OH) were from Aldrich. Anodic
Alumina Membrane (AAM) of 200 nm bulk pore size,
4.7 cm membrane diameter, and 60 lm thickness was from
Whatman, UK. All materials were used as received without
any further puriﬁcation.
2.2. Synthesis and characterization
Our synthesis method consisted of two consecutive steps. First,
a precursor solution was formed where the Brij surfactant was
allowed to dissolve in ethanol under acidic conditions using
HCl. After complete dissolution, TEOS was carefully added
to the Brij solution. The starting reactant molar composition
was 0.025: 2.52 · 103: 0.22: 0.037 for TEOS: Brij surfactant:
EtOH: HCl, respectively. The last mixture was reﬂuxed for
2.5 h at 45 C to give a precursor solution. In the second step,
the precursor solution was inﬁltrated within the pores of AAM
under moderate aspiration to form a Brij MSN-hybrid mem-
brane. This MSN-hybrid membrane was allowed to dry and
then calcined using SNOL Mufﬂe Furnace at a rate of
2 C/min until it reached a temperature of 500 C which was
maintained for 90 min. Hybrid membranes were collected,
allowed to cool down and then characterized using TEM-ED
(JEOL 2100 F), SEM (HITACHI S-3400N), Small angle
XRD (Bruker D8 Advance) and N2 isotherm (BELSORP
MIN-II).
3. Results and discussion
Morphology of the synthesized MSN was studied using SEM.
Fig. 1 shows the SEM images of MSN that have been formed
within the pore-channels of AAM. Formation was observed
and conﬁrmed after partial and complete etching of the alu-
mina matrix of the AAM by 5% H3PO4 as shown in
Fig. 1(B) and (C), respectively.
Fig. 2(A) shows the small angle XRD patterns of the cal-
cined MSN-hybrid membranes. The well resolved peaks of
small angle XRD patterns were consistent with a face centered
cubic mesostructure of Im3m space group. This reﬂects the well
ordering of the fabricated MSN. The patterns indicate the for-
mation of cubic mesostructure of Im3m space group with a
highly ordered structure. The high intensity peak (110) indi-
cates a large unit cell dimension between 8.3 and 8.9 nm (see
Table 1) suggesting the formation of large cage-like cubic
Im3m mesostructure. The XRD patterns of MSN-hybrid
Figure 1 SEM of the AAM of 200 nm pore-channel diameter and 60 lm thickness without MSN (A), MSN inside the pore-channels of
AAM after partial etching of alumina matrix with 5% H3PO4 for 30 min (B) and after complete etching of the alumina matrix with 5%
H3PO4 for 420 min.
Figure 2 N2 isotherms (A) and small angle XRD patterns (B) for MSN-hybrid membrane fabricated using Brij56, Brij58, Brij76, and
Brij78, respectively.
Table 1 Textural parameters gained from small angle XRD
and N2 isotherm, pore diameter D (nm), unit cell a (nm), and
BET surface area SBET (m
2 g1).
Surfactant Chemical formula D (nm) a (nm) SBET (m
2 g1)
Brij 56 (C16H33(EO)10OH 4.0 8.9 66
Brij 58 (C16H33(EO)20OH 4.5 8.4 65
Brij 76 (C18H37(EO)10OH 4.3 8.8 62
Brij 78 (C18H37(EO)20OH 4.9 8.3 66
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(<2), which can be assigned to (110) diffraction, and pres-
ence of other well-resolved peaks in the range between
0.9< 2h< 4.3, for the cubic crystallographic Im3m
mesostructure. The intensity and resolution of all reﬂections
strongly indicate a high ordering degree of the formed 3D
architecture (El-Safty et al., 2008a,b).
Fig. 2(B) shows the N2 isotherms of the calcined MSN-
hybrid membranes. Isotherm results revealed that; the MSN-
hybrid membranes show type IV isotherm with sharp inﬂection
peaks of the adsorption/desorption branches. The adsorption
isotherms exhibit well-deﬁned hysteresis loop of H2 and H3
types according to IUPAC classiﬁcation. The shape of each
isotherm strongly indicates the formation of uniformmesoporous structures. In addition, there is a sharp increase
in the adsorbed volume of N2 due to capillary condensation
occurring at a relative pressure p/po of ca. 0.50 with a high
homogeneity in pore size distribution of the ﬁnal product.
The NLDFT based analysis shows narrow and well-ordered
pore diameter distribution obtained from the absorption
branch isotherm which indicates the formation of a uniform
and homogeneous well ordered structure. The values of the
average pore diameter of the adsorption branches are listed
in Table 1.
Results also show that; the pore diameter increases as the
length of the EO chain increases while having the same length
of alkyl chain. In other words, the pore diameter could be
remarkably affected with the length of EO group (Smarsly
et al., 2001; Morishige and Kondou, 2012; Kipkemboi et al.,
2009). This could be ascribed due to the partial embedding
of EO group in the silica walls. Thus, the diameter can be con-
trolled by the interface structure around the single EO chains
within the silica framework. Moreover, the BET surface areas
were found to be within the same range.
The HRTEM micrographs shown in Fig. 3 clearly revealed
large domain sizes of ordered pore networks running along the
1D pore-channels of AAM membrane. The TEM images and
their corresponding Fourier transform diffractograms (FTD)
of cubic Im3m recorded along [100], and [111] indices indicate
the formation of cubic Im3m organization with MSN for the
Figure 3 HRTEM images and FTD (inserts) patterns of the calcined MSN of 3D cubic Im3m (A, B) after etching of alumina hosts by
the addition of 5% H3PO4 for 420 min at 25 C. The TEM patterns of cubic Im3m were recorded along (A) [100] and (B) [111] zone axes.
272 M.M. Mekawyﬁrst time using different Brij type surfactants, as consistent
with the well-deﬁned XRD patterns.
4. Conclusion
In summary, we have fabricated 3D mesoporous silica
nanochannels inside the 1D pore-channels of AAM. The most
prominent feature was the uniform mesoporosity and continu-
ous ordering channels along all directions of the silica frame-
works without distortion, indicating the integrity of the
cubically ordered nanochannels. Moreover, the synthesis pro-
tocol and results show evidences for the ﬁdelity of control
design to form a free-standing alignment along the conﬁne-
ment channels, which is a promising feature of the fabricated
hybrid membrane to permit a high ﬂux and transport. Thus
it can be promising for various future applications such as
size-exclusive separation, catalysis, adsorption and sensors.References
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